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Nanostructured rare-earth-ion doped materials are increasingly being investigated for on-chip im-
plementations of quantum information processing protocols as well as commercial applications such
as fluorescent lighting. However, achieving high-quality and optimized materials at the nanoscale
is still challenging. Here we present a detailed study of the restriction of phonon processes in the
transition from bulk crystals to small (≤ 40 nm) nanocrystals by observing the relaxation dynam-
ics between crystal-field levels of Tb3+:Y3Al5O12. We find that population relaxation dynamics
are modified as the particle size is reduced, consistent with our simulations of inhibited relaxation
through a modified vibrational density of states and hence modified phonon emission. However, our
experiments also indicate that non-radiative processes not driven by phonons are also present in the
smaller particles, causing transitions and rapid thermalization between the levels on a timescale of
<100 ns.
INTRODUCTION
Crystalline materials doped with impurities such as
rare-earth-ions (REI), or diamond silicon-vancancy (SiV)
and nitrogen-vacancy (NV) centers, have found many ap-
plications in fields as diverse as quantum information pro-
cessing [1–4], quantum memories [5–7], sensing [8], lasers
[9], and phosphors [10, 11]. Nanometer-sized structures
fabricated from these materials have begun to be investi-
gated for on-chip implementations of these applications.
In addition, small-sized nano-phosphors are desired for
high-quality window materials used in lamps as well as for
state-of-the-art displays [12, 13]. Finally, nano-powders
have also been proposed for optical refrigeration applica-
tions where their modified phonon spectrum and particle
morphology could enhance the cooling efficiency [14].
Nano-materials can be obtained through different
routes: nano-structures can be milled or etched from
high-quality bulk materials, and nanocrystals can be ob-
tained through chemical synthesis, mechanical crushing,
or ablation techniques. The transition to nano-sized
structures generally introduces detrimental effects such
as poor crystal quality, surface effects, and amorphous
behavior that can severely restrict practical applications
[15, 16]. While some of these effects, such as the increas-
ing surface-to-volume ratio, are fundamental, others can
be minimized by optimizing the fabrication process [15].
Indeed, in some cases, both chemical synthesis as well
as fabrication methods starting with bulk materials pro-
duced high-quality materials [17, 18]. However, none of
those structures have allowed studying the effects of de-
creasing dimensions on phonon-mediated population dy-
namics. Furthermore, a general procedure for achieving
consistently high-quality nano-materials is still unknown
and many open questions remain regarding the transition
to smaller sizes, requiring further systematic studies.
During the transition from a bulk material to nano-
structures, many material properties change. One in-
teresting effect is the predicted modification of the vi-
brational density of states (VDOS) in small structures.
Whereas a bulk crystal has a Debye VDOS (a continu-
ous function that increases with the square of the vibra-
tional frequency), the distribution becomes discrete in
small crystallites, exhibiting gaps and even a cutoff below
which no phonons are supported. Furthermore, phononic
crystals—nano-machined, periodic structures—can fea-
ture engineered frequency band-gaps where vibrations
are forbidden [19]. These approaches to phonon en-
gineering could potentially benefit applications in the
field of quantum information, in particular quantum
memories, since the absence of phonons could enhance
spin-population lifetimes as well as optical coherence
times. Modifications of population dynamics in REI-
doped nanocrystals have been previously reported by
Meltzer et al. [20, 21], Liu et al. [22] and Mercier et al. [23],
and it was suggested that the changes were due to phonon
suppression in the nanocrystals. However, the particles
employed in some of those studies were not sufficiently
small to suppress phonons at the desired frequencies, and
locally elevated temperatures caused by the optical ex-
citation of the powder materials might explain some of
the observed effects. Thus, unambiguous confirmation of
the suppression of phonon-mediated relaxation in opti-
cal centers through VDOS-engineering remains an open
challenge.
In this manuscript we examine the effect of the tran-
sition from bulk crystals to ≤ 40 nm particles (see
Fig. 1) on the population dynamics between excited-
state crystal-field levels in Tb3+-doped Y3Al5O12 (YAG).
Specifically, we study the influence of size restriction on
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FIG. 1. Relevant energy levels of Tb3+:Y3Al5O12(vertical
axis not to scale) for the measurement of population relax-
ation between the first two crystal-field levels within the 5D4
excited-state manifold. A pulsed laser excites the ions from
the 7F6 a ground state to the
5D4 f excited state, from where
they decay rapidly into 5D4 a and b. The resulting fluores-
cence due to the four 5D4 a/b →7F5 a/b transitions are col-
lected, spectrally resolved, and then analyzed.
relaxation dynamics and equilibrium population distribu-
tion between the crystal-field levels, i.e. thermalization.
We observe that the population dynamics are strongly
modified for smaller particles, which can be explained
by a modified density of states. However, we also find
that the thermal population distribution exhibited by the
nano-powders is the same as in the bulk material. As de-
scribed in detail in the discussion in later sections, the
observation of rapid thermalization suggests that in addi-
tion to possible phonon suppression, other non-phononic
processes—e.g. related to surface defects or energy trans-
fer [24]—are introduced, enabling rapid thermalization of
population between the closely-spaced energy levels.
EXPERIMENTAL DETAILS
We chose Tb3+ doped Y3Al5O12 (YAG) since the com-
bination of its energy level structure and its high acous-
tic velocity is well suited to investigate the effects of
size on the direct phonon process. More precisely, the
small excited-state splitting ∆e = 35 GHz between the
Tb3+ crystal-field levels 5D4 a/b (see Fig. 1), together
with the acoustic velocity of 6400 m/s [25], results in
an expected suppression of the direct phonon process for
relatively large particles of ∼ 100 nm diameter. In addi-
tion, in the bulk crystal, the inhomogeneous broadening
of about 20 GHz allows one to selectively address each of
the 5D4 a/b crystal-field levels. Furthermore, the ground
state splitting ∆g = 83 GHz is large enough that res-
onant phonons are not expected to be inhibited in the
> 40 nm diameter nanocrystals, and we can therefore di-
rectly measure the internal sample temperature through
the ratio of population in the two levels 7F6 a/b.
We created our powders using a sol-gel synthesis
(method 1 [26]) and a modified sol-gel synthesis with a
freeze drying step under vacuum and at temperatures be-
low -20 C to restrict agglomeration (method 2 [27]). Each
method leads to slightly different particle morphologies
and size distributions. Additional size control can be
achieved by changing the annealing duration and tem-
perature. In this way we were able to vary the nanocrys-
tal diameter d between 40 and 500 nm, and 40 and 70
nm using method 1 and 2, respectively. We evaluated
the crystal quality of our powders using a scanning elec-
tron microscope, a transmission electron microscope, x-
ray diffraction, and optical spectroscopy methods (AP-
PENDIX A and B). From these measurements we con-
clude that the bulk crystal quality can be maintained
for crystallites with diameters down to ∼ 80 nm. For
smaller sizes, we observe a slight decrease in crystal qual-
ity that manifests itself in an increase of the inhomoge-
neous broadening. Measurements of the radiative lifetime
as a function of particle size (APPENDIX A) confirm
that we can approximately treat the powders as individ-
ual particles rather than large agglomerates, with method
2 producing less agglomeration than method 1.
All powders were mounted in an unsealed glass cu-
vette within an Oxford Instruments cryostat. The sam-
ples were held at temperatures from ∼ 1 K up to 10
K; for temperatures below 2.17 K, the samples were im-
mersed in superfluid liquid helium, whereas for higher
temperatures, the samples were cooled by a continuous
flow of helium vapor. A pulsed Ha¨nsch-style nitrogen-
laser-pumped dye laser [28] with peak powers of up to
10 kW, a pulse duration of 6 ns and a repetition rate
of 6 Hz was used with Coumarin 481 dye to provide ex-
citation light at 485 nm. As shown in Fig. 1, we reso-
nantly excited Tb ions from the ground state 7F6 a to the
5D4 f level, a transition that provides strong absorption.
From the 5D4 f level, the population rapidly decays (<
ns) non-radiatively by emission of high-frequency acous-
tic phonons into the two levels 5D4 a and b. Using a
SPEX 1401 monochromator (< 3 GHz resolution), we
selectively collected fluorescence from each of the four
5D4 a/b→7F5 a/b transitions. The collection was at an
angle of 90° relative to the excitation laser, and the
fluorescence was measured using a photomultiplier tube
(Hamamatsu R928) terminated with a variable resistance
that allowed for time resolutions as fast as 100 ns.
For all powders and experimental configurations de-
scribed below, we directly measured the local temper-
ature through the relative population in the two levels
7F6 a and b, as detailed in APPENDIX C. We found
no local heating, thus confirming that observed changes
in relaxation dynamics were not due to elevated sample
temperatures.
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FIG. 2. Fluorescence spectra at 5 K of (a) a 40 nm diameter
powder and (b) a 500 nm diameter powder (synthesized via
method 1). Each spectrum (black dots) is fit with the sum of
four identical Lorentzian lines with the same pairwise energy
splitting ∆ (∆’). For d = 40 nm the width is 53 GHz and ∆
is 40 GHz, and for d = 500 nm the width is 13 GHz and ∆’
is 39 GHz.
TIME-RESOLVED FLUORESCENCE
MEASUREMENTS
Before studying the population dynamics of the
5D4 a/b levels, we first ensured that we could selectively
collect fluorescence from the two excited levels 5D4 a/b
for each of our samples. We recorded fluorescence spec-
tra by scanning the monochromator over the four lines
connecting 5D4 a/b →7F5 a/b, with typical fluorescence
spectra shown in Fig. 2. We observed that the smallest
nanocrystals feature an increased inhomogeneous broad-
ening compared to the bulk (for details see APPENDIX
B). As a consequence, some fraction of the detected emis-
sion originates from the neighboring transition. Since
this can lead to observations that could wrongfully be
interpreted as modifications in relaxation dynamics, it
must be considered in the analysis of any obtained data.
Following this initial characterization, we recorded flu-
orescence decays from the two crystal-field levels 5D4 a/b
at a temperature of 1.5 K. The individual decays were
collected by sequentially tuning the monochromator on
resonance with each of the four transitions 5D4 a/b →
7F5 a/b. The specific frequencies of these transitions
were obtained from the fluorescence spectra measured for
each sample as described above. After excitation of the
5D4 f level, 2 THz above
5D4 a, the population first de-
cays rapidly into both 5D4 a/b levels and from there into
7F5 a/b. The dynamics are captured by the following rate
equations:
n˙a(t) = γba [nb(t)− na(t)]− γana(t) (1)
n˙b(t) = − γba [nb(t)− na(t)]− γbnb(t) (2)
b
a
5D4
γb
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FIG. 3. Fluorescence decays 5D4 a → 7F5 a (red dots) and
5D4 b → 7F5 a (blue dots) at 1.5 K in large crystallites
(d = 500 nm). The experimental points are fit with Eq. 3
(solid lines), resulting in Tα = 235 µs and Tβ = 4 ms. Inset:
relevant level structure and rates associated with the fluores-
cence decays (see definitions in the main text).
where na/b(t) denote the populations in the levels
5D4 a/b
at a time t after excitation, γa/b are the rates of the
radiative decay from each level into the 7F5 multiplet,
and γba is the rate of the non-radiative process coupling
the levels 5D4 a/b. Note that relaxation into the ground
state multiplet is ignored (experimentally and in Eq. 2)
due to the transitions’ comparably small rates.
For all four transitions (see Fig. 3 for two examples),
we observed fluorescence decays composed of two com-
ponents. The first component corresponds to the non-
radiative decay of population from 5D4 b to
5D4 a and
manifests in the fluorescence decays from 5D4 a to
7F5 a/b
as a fill-in, i.e. an increase of the fluorescence intensity
with time, and in the fluorescence from 5D4 b to
7F5 a/b
as an initial, fast decay, both with the same characteristic
time of about 0.2 ms. The second, long component corre-
sponds to the radiative decay. Thus, we fit the recorded,
time-dependent fluorescence intensities Ia,b(t) from the
levels 5D4 a, b using
Ia,b(t) = α˜a,be
−t/Tα + βa,be−t/Tβ , (3)
where Tα and Tβ are the time constants of the fast (non-
radiative) and slow (radiative) components with corre-
sponding amplitudes α˜a,b and βa,b. As discussed be-
fore, due to increased inhomogeneous broadening in the
small powders, the fluorescence signals collected from
transitions starting in either 5D4 a or b contain a cer-
tain amount of emission from the other transition. Fit-
ting our fluorescence spectra with four Lorentzians al-
lows us to compute the percentage Pa,b of the collected
signal that originates from the neighboring transition.
This affects the recorded signal since the fill-in and the
fast decay originating from 5D4 a and b, respectively,
compensate each other to a certain degree. However,
4FIG. 4. Amplitude ratio α/β obtained from an average of
the fits of Eq. 3 to the four decays 5D4 a, b → 7F5 a, b as a
function of average nanocrystal diameter d for powder 1 (red
circles) and powder 2 (blue squares) at 1.5 K. The horizontal
error bars correspond to one standard deviation of the size
distribution of the respective sample, obtained through SEM
analysis. Simulations are depicted using dashed lines. As
described in the main text, the difference between the two
simulations is the width of the phonon modes that can be
different due to the different morphologies of the two synthesis
methods. Note that the amplitude of the fast decay has been
corrected for the partially overlapping lines as described in
the main text. Inset: Characteristic time of the fast decay
component as a function of nanocrystal diameter d
the time constants and the amplitudes of the slow de-
cays are not affected. After obtaining Pa,b from our
fits, we subsequently compute the corrected amplitudes
αa,b = α˜a,b/(1−2Pa,b). Since we obtained similar results
from decays to the levels 7F5 a and b, the following ob-
servations correspond to averages over all four transitions
unless otherwise stated.
By reducing the size of the particles, we expect to in-
troduce a frequency cutoff in the VDOS below which
phonons are not allowed. Consequently, we expect to
observe a change in the non-radiative relaxation between
the two closely spaced crystal-field levels 5D4 a and b, de-
scribed by the first term in Eq. 3. The cutoff frequency
is given by
νmin = η
c
pid
, (4)
where c is the sound velocity, d is the diameter of the
crystal, and η is a numerical constant that equals 2.05
for one spherical particle [29] and phonon modes with
negligible broadening. According to this formula, YAG
particles (where c = 6400 m/s [25]) with diameters be-
low 100 nm should not be able to support phonons at
∆ = 35 GHz, corrresponding to the splitting between
the two crystal-field levels 5D4 a/b. Because our powder
samples inevitably exhibit some distribution of particle
sizes (the horizontal error bars in Fig. 4 correspond to
one standard deviation in the respective size distribu-
tion), the non-radiative relaxation should be suppressed
in more and more particles as the mean of the size dis-
tribution is reduced below ∼ 100 nm. This should lead
to a gradual decrease in the amplitude of the fast com-
ponent α of the fluorescence decays. Note that increased
inhomogeneous broadening causing partial overlap of the
levels 5D4 a and b could also lead to similar observations.
In our case, we account for this effect by computing the
actual amplitude α from the measured one α˜ as described
above. As shown in Fig. 4, we find that for particles cre-
ated using method 1, the decay ratio begins to decrease
at around 130 nm diameter, whereas the onset for parti-
cles created via method 2 starts at sizes of ∼ 70 nm.
We modeled this effect by calculating the VDOS [19],
assuming that each mode contributes a Lorentzian with
a width ∆ν to the VDOS, for 105 particles with different
particle diameter following a Gaussian distribution. We
obtained the mean diameter and the standard deviation
of this distribution from the SEM images of our samples.
We assumed that ions in a nanocrystal with diameter d
have a fast decay only if the VDOS of the nanocrystal
at ∆ = 35 GHz is greater than zero. For each of the
105 particles, we simulate the fluorescence decay, either
a sum of two exponential functions in case the fast decay
is allowed or only a single exponential decay with the ra-
diative decay time in case the fast decay is forbidden. We
then average the individual decays to obtain the overall
fluorescence decay for the ensemble of 105 particles. Fi-
nally, we fit it with a sum of two exponential functions
which results in the amplitudes α and β of the fast and
slow decay, respectively. The only free parameter in the
simulations is the width ∆ν of the individual vibrational
modes, which we obtain through a fit to the experimen-
tal data. Note, the mode width is forced to be the same
for all powders fabricated using a specific method. The
results of the simulations are presented in Fig. 4.
For large crystal diameters d, the simulated amplitude
ratios (for crystals created via either method) are around
2, which corresponds to the bulk value at 1.5 K. When
we reduce d, the amplitude ratios start decreasing at two
distinct diameters (130 nm for method 1 and 70 nm for
method 2 crystals). This can be explained by different
mode widths (∆ν = 0.5 and 6 GHz for powders from
methods 1 and 2, respectively) obtained from the simu-
lations. If phonon modes are broad, as in powders from
method 2, it is more likely that they overlap with the
transition between the 5D4 a/b levels, even for small crys-
tals. However, for sharp modes (powders from method
1), overlap becomes significant only for larger particles
in which more modes exist. Note that the width of the
phonon modes is related to the powder quality. In partic-
ular, crystallites with reduced surface roughness should
feature narrower phonon modes. This leads us to con-
clude that powder 1 should be of higher quality, which,
however, cannot be verified given the insufficient resolu-
5tion of our SEM pictures. Note that the optical inhomo-
geneous linewidths suggest that method 2 produces pow-
ders with less internal strain; however, it is not known if
there is a relationship between particle surface morphol-
ogy and internal strain.
Overall, the simulated values are in good agreement
with the experimental data for powders produced by
either method, consistent with suppression of phonon-
induced relaxation in sufficiently small powders. In par-
ticular, we observed the complete transition from large
particles, where the relevant phonon processes are fully
allowed, to the smallest particles, where we could not
measure any contribution of the phonon-induced compo-
nent to population relaxation.
In addition to a change in the amplitude of the fast
decay, we also expect a change in its characteristic decay
time Tα. For the fraction of particles with νmin ' ∆e,
the phonon density of states at ∆e should deviate from
the bulk value. With small enough particles we expect
a decrease in VDOS as the lowest phonon mode moves
towards higher frequencies. Thus, because the rate of the
non-radiative relaxation is proportional to the VDOS, the
phonon-induced decay rate for these nanocrystals should
be slower than the one for the bulk, i.e. Tα should in-
crease with decreasing particle size. Note that in some
cases, an enhanced VDOS can occur due to phonon con-
finement, which would lead to faster decay rates. Exper-
imentally (see inset Fig. 4), we observe a decrease in Tα
for some particles but we do not observe the expected
increase for particles from method 1. This is consistent
with the conjecture of having sharp phonon modes for
particles from method 1 (resulting from the fit of the
decay ratios in Fig. 4), in which case the phonon cutoff
occurs abruptly as the size is reduced so that the particles
either experience a phonon rate equal or larger than the
bulk or no phonon decay at all. For powders from method
2, the fit of the decay ratios predicts broader phonon
modes, and we thus expect a smoother transition (rather
than an abrupt cutoff as for particles from method 1)in
the VDOS from the bulk value to zero. Therefore, more
particles should experience decay times longer than the
bulk before the decay is suppressed completely. Indeed,
except for the smallest powder created using method 2,
we see signatures of such an increase in Tα, consistent
with the predictions of our model. At this stage, the
scatter of our experimental data unfortunately does not
allow for a more in-depth analysis and interpretation.
MEASUREMENT OF TEMPERATURE
DEPENDENT POPULATION
RE-DISTRIBUTION
Another indication of the restriction of non-radiative
transition processes, including phonon modes, is the inhi-
bition of thermalization (population re-distribution) be-
FIG. 5. Ratio of population nb/na as a function of temper-
ature in the bulk crystal (black squares) and in nanocrystals
from method 1 of average diameter d = 72 nm (blue triangles)
and 40 nm (red dots). Solid lines are best fits using Eq. 5,
and shaded areas represent uncertainties.
tween the two crystal-field levels 5D4 a/b after their ini-
tial population through decay from 5D4 f . The ratio
nb/na will subsequently change and approach thermal
equilibrium due to any non-radiative transitions between
5D4 a/b. For t > Tα, the population ratio is described by
nb/na = (1−N0) e−∆/kBT +N0 (5)
i.e. the Boltzmann distribution that assumes thermaliza-
tion through non-radiative processes, with an additional
offset N0 that accounts for the overlap of the studied
transitions, as described below. The population ratio
nb/na for t > Tα is directly related to the ratio of the
amplitudes βb and βa of the long fluorescence decay com-
ponents (see Eq. 3): βb/βa ∝ nb(t)/na(t). This allows us
to extract the actual population distribution for different
temperatures.
The measured temperature dependence of nb/na, cal-
culated by averaging βa (and βb) over both transitions
starting in 5D4 a (and
5D4 b), is shown in Fig. 5 for
the bulk crystal as well as for two nanocrystal samples
(d = 40 and 72 nm) created via method 1. We fit the
experimental points using Eq. 5 after fixing the energy
separation ∆e to the bulk value of 35 GHz and leaving N0
as a free variable. For both powders we observe a non-
zero offset N0. The fit gave N0=0.21±0.1 and 0.14±0.07
for the two powders with d = 72 nm and 40 nm, re-
spectively, and for the bulk crystal it resulted in N0=0,
suggesting that there is the expected difference in ther-
malization in the powders. However, this offset can be
fully explained by the amount of emission Pa,b originat-
ing from the neighboring transition due to the increased
inhomogeneous broadening as discussed above. Indeed,
calculating N0 by taking only line overlap into account,
we find N0 = 0.3±0.02 and 0.26±0.02 for d = 72 nm
6and 40 nm, respectively. This seems to be at odds with
the observed reduction of the nanocrystal’s fast decay
amplitude (Fig. 4), which is also supported by VDOS
simulations. Thus, the observation of thermalization in-
dicates that other processes, happening on time scales
smaller than the 100 ns resolution of our detector, are
responsible for population re-distribution in our smallest
nanocrystals. Such fast relaxation could be caused by
coupling of the Tb3+ ions to tunneling modes characteris-
tic of amorphous materials [30, 31] (note that the increase
of amorphous character as the particle size is reduced is
supported by the observation of larger inhomogeneous
broadening). Other explanations are relaxations driven
by energy transfer [24] or interactions between ions and
surface states.
CONCLUSION
In conclusion, we observed modifications in relaxation
dynamics between crystal field levels of Tb3+:Y3Al5O12
crystals as the particle size is varied from bulk to 40 nm,
and confirmed via absorption measurements that this ef-
fect is not due to local heating. One possible explanation
is a modification of the VDOS in the nanocrystals, which
restricts phonon processes between the two first crystal-
field levels in the 5D4 excited state that are separated by
35 GHz.
However, other measurements suggest a different ex-
planation: population redistribution is still observed
within the two closely-spaced levels, meaning that other,
fast, non-radiative processes must enable this transition.
These processes may arise from a partially amorphous
character of the nanocrystals, even though significant ef-
fort was dedicated to achieving good crystal quality by
exploring various synthesis methods and modifying dif-
ferent important parameters in each of them, such as the
addition of surfactants or the annealing temperature. We
note that the case of YAG is particularly difficult because
of the high annealing temperature—which favors particle
growth— required to crystallize the particles.
Improving the nanocrystal quality by optimizing
fabrication methods, as well as switching to a different
material with a lower annealing temperature, such as
fluoride crystals, may enable one to observe the full
phonon restriction. However, there may exist a funda-
mental limit to how small a particle can become while
still preserving the spectroscopic properties of a large
crystal – this limit is frequently estimated to be around
10 nm [32]. Our results suggest that, for YAG, it may
be around 100 nm. Measurements of crystal structure
may shine more light on this important question.
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APPENDIX A: POWDER CHARACTERIZATION
For all investigations of population dynamics presented
in the main text, information about the morphology
and size distribution of the various powders is needed
to interpret the results. We obtained this information
for powders from method 1 and 2 using a scanning
electron microscope (SEM), with example images shown
in Fig. 6. The images indicate that method 2 produces
slightly less agglomerated powders compared to method
1. In addition, we confirmed that we obtained good
single-phase crystalline YAG particles using powder
x-ray diffraction (XRD) analysis. Figures 6 (e,f) show
the perfect overlap between the XRD spectrum of the
Tb3+:Y3Al5O12 powders produced by method 1 and
2 with the reference spectrum for YAG (JCPDS #
30-0040). For selected powder samples, we also directly
probed the quality of the crystal structure using a
transmission electron microscope (TEM), as shown
in Fig. 6 (d). The TEM analysis revealed that the
crystallite orientations in agglomerated nanocrystals
can remain nearly aligned throughout multiple grains
when they are fused together. Since it is possible that
phonon modes extend across several crystallites in
these cases, we considered the effective particle size in
agglomerated samples to be equal to the larger size of
the approximately aligned agglomerations rather than
the individual grain size. The effect of agglomeration on
phonon propagation dynamics cannot be quantified at
this stage.
In addition to using the TEM measurements, we also
investigated the degree to which the crystallites within
the powder act as isolated particles versus being part
of a larger agglomerated mass by observing the increase
in radiative lifetime as the particle sizes are reduced.
As known from relations such as the Strickler-Berg
equation [33], the radiative lifetime Trad of an electric
dipole transition depends on the average index of
refraction, n, of the material. Because of this, when
the size of a fluorescing particle becomes comparable
to the wavelength of the emitted light, the index of the
medium surrounding the particle can have a significant
effect on the radiative lifetime[20, 34, 35]. Consequently,
7200 nm1 um
(a) (b)
20 nm
(f)(e)
400 nm
(c) (d)
JCPDS # 33-0040JCPDS # 33-0040
FIG. 6. Microscope images of 1% Tb3+:Y3Al5O12 created
using method 1 and annealed at 1400 C (a), or 900 C (b,c),
and from method 2 annealed at 900 C (d). Panels (a,b,d) are
SEM images, showing the size distribution of the nanocrys-
tals. Panels (e) and (f) show XRD spectra of powders pro-
duced by method 1 and 2, respectively (solid blue lines), and
the corresponding reference spectrum (JCPDS # 30-0040; red
circles) for YAG. Panel (c) is a high-resolution TEM image
showing the crystalline structure (narrow white lines), which
can extend over several particles if they are agglomerated.
we expect to observe an increase in the fluorescence
lifetime as the average particle size in our powders is
reduced. Note that strongly agglomerated particles
would effectively act as a single, larger particle in this
case.
We employ a simple analytical model to estimate the
size dependence of the fluorescence lifetime for perfectly
isolated particles. More precisely, we used the form of
the Lorentz local field, sometimes referred-to as the vir-
tual cavity model [36], where the radiative lifetime in
the medium Trad is related to the lifetime in vacuum T0
according to 1/Trad = (1/T0)neff(n
2
eff + 2)
2/9, with neff
being an effective index of refraction averaged over the
surrounding medium within a distance on the order of
the wavelength of light from the ion.
For particles smaller than the wavelength of light,
the electric field extends beyond the particle. To
evaluate neff for such particles, we assumed that the
electric field of the emitted light experiences the bulk
crystal dielectric constant within the particle, and the
vacuum dielectric constant outside the particle. We
furthermore assumed that the electric field outside the
FIG. 7. Particle size (d) dependence of the radiative lifetime
of the 5D4 a level for powders from method 1 (red circles) and
powders from method 2 (blue squares). The solid line shows
the expected dependence.
particle decays as E(r) = E0e
− rl over the decay length
l, which is equal to the evanescent field decay length
outside of a bulk dielectric given by l = λ0/2pi
√
n2 − 1
[37]. Here n is the refractive index of the bulk ma-
terial and λ0 the wavelength of the transition. The
value of neff experienced by the emitting ion, and the
resulting change in radiative lifetime, was then esti-
mated by calculating the field-strength-weighted average
dielectric constant over the area of non-zero electric field.
By using this simple model, we estimated the change
in lifetime with particle size using only the known bulk
crystal index, transition wavelength, and lifetime with
no free parameters, resulting in the solid line in Fig. 7.
We find that the measured lifetimes in our samples agree
reasonably well with the calculated dependence (Fig. 7).
For method 1, the radiative lifetime increases up to 7
ms, as the crystallite size decreases, but powders smaller
than 50 nm show lifetimes similar to the bulk crystal,
indicating that some degree of agglomeration is present.
For method 2, the radiative lifetime increases up to 13
ms, indicating that the particles in powders synthesized
with this method indeed behave as individual particles
with sizes approximately equal to the values estimated
from the SEM and TEM analysis.
APPENDIX B: SPECTROSCOPIC
INVESTIGATIONS OF POWDER QUALITY
To ensure that we can selectively collect fluorescence
from the two excited levels 5D4 a/b for each of our sam-
ples, we recorded fluorescence spectra by scanning the
monochromator over the four lines connecting 5D4 a/b→
7F5 a/b. As shown in Fig. 8, we observed that for both
fabrication methods, the smallest nanocrystals feature
8FIG. 8. Particle-size-dependence of the inhomogeneous
linewidth for powders from method 1 (red circles) and pow-
ders from method 2 (blue squares). Inset: Splitting ∆ be-
tween the 5D4 a/b levels versus particle size. The solid lines
are guides to the eye.
an increased inhomogeneous broadening compared to the
bulk. This increase, which was expected due to an
increased amount of strain, was not observable in the
XRD spectra due to the limited resolution of our XRD
diffractometer (Rigaku Multiflex). The observation of
increased inhomogeneous broadening is consistent with
the emergence of relaxation that is facilitated by amor-
phous phases and surface defects (see main text). How-
ever, as shown in the inset of Fig. 8, the splitting ∆
between the 5D4 a/b levels does not change with particle
size, which indicates that the ions’ crystal field splittings
and local lattice symmetry are not measurably different
in the small powders.
APPENDIX C: LOCAL TEMPERATURE
MEASUREMENT
In past measurements, the thermal conductivity of
small powders in a gas environment was observed to de-
crease with particle size due to two effects. First, the
phonon scattering length is reduced in small powders,
and second, heat flow is hindered by the surface resis-
tance of the small particles contained in the powder [38–
40]. These effects could lead to a locally elevated powder
temperature, especially when the powder is probed us-
ing a high power laser. An elevated sample temperature
in turn would produce significant changes in population
relaxation and thermalization that could potentially be
misinterpreted as arising from other effects. To ensure
that the laser excitation did not induce localized heat-
ing, a direct temperature measurement that enables the
true internal temperature of the particles to be monitored
is required.
We measured the internal temperature for each sample
d = 63 ± 11 nm
d = 124 ± 30 nm
bulk0.2
0.4
0.6
n 2
 / 
n 1
FIG. 9. Ratio n2/n1 of populations in the ground manifold
7F6 b/a levels as a function of the temperature Tset read by the
cryostat sensor for a bulk crystal (black dots) and nanocrys-
talline powder samples with diameters d = 124 ± 30 nm and
produced by method 1 (blue squares) and d = 63 ± 11 nm,
produced by method 2 (red triangles). The solid line is the
fit to a Boltzmann distribution with ∆g = 83.5 GHz. Note
that the large error bar for 3.2 K and d = 124 nm is caused
by a large uncertainty of the fit to that particular absorption
spectrum.
by recording the absorption spectrum 7F6 a, b → 5D4 f
and comparing the populations n1 and n2 in the first
and second crystal field level 7F6 a and b of the ground
state multiplet, which are separated by ∆g = 83 GHz.
This allowed us to determine the effective internal sam-
ple temperature T via the Boltzmann law n2/n1 =
A exp{−∆g/kBT} with kB the Boltzmann constant. We
obtained the coefficient A, which depends on the rela-
tive oscillator strengths of the transitions, from a cali-
bration measurement using a 1% Tb:YAG bulk crystal,
that we assumed to thermalize quickly to the tempera-
ture Tset that was measured by the cryostat sensor. The
temperature-dependent population ratio n2/n1 is shown
in Fig. 9 for a selected set of nanocrystals. The close
overlap between the bulk and powder results confirms
that all powders thermalize as well as the bulk when im-
mersed in liquid helium or vapor and that the laser is not
measurably heating the nanocrystals, even for the small-
est sizes. Since these measurements are conducted using
the same laser power and focusing parameters as those
used for all other measurements described in the main
text, they confirm that the changes in dynamics that we
observe in the powders are not caused by local heating.
Also, with this method, we ensure that the ions that are
studied in the relaxation dynamics measurements (as in
the main text) are also the same ions that are used to
measure the temperature.
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